Abstract-The influence of the counterion nature on the electroosmotic transport of the free solvent through an MK-40 membrane in alkali metal chloride solutions has been experimentally studied. The proportion of free water in the total electroosmotic flux for Li + , Na + , and K + cations has been evaluated. The experimental data on the electrotransport and physicochemical characteristics of the MK-40 membrane are used to calculate the transport numbers of free water in terms of the capillary model of electroosmotic transport of free water. The electroosmotic permeability depends on the ionic form of the MK-40 membrane due to the changes in the portion of through mesopores inside the membrane. When the concentration of the solution is greater than 1 mol/L, there is almost no free-water transfer across the heterogeneous membrane, and the water transport numbers are determined by the primary hydration numbers of ions in the solution.
INTRODUCTION
Electrodialysis concentration of electrolytes is one of the priority directions of membrane electrochemistry and technology. The demand for this process especially increased in connection with the development of zero liquid discharge (ZLD) technologies compatible with the green chemistry principles [1, 2] . As opposed to the processes of electrodialysis desalination and deionization, the transport of water or other solvents through ion-exchange membranes plays the key role in the processes of electrodialysis concentration. The concentration of a solution in electrodialyzer concentrators is determined by both electromigration and diffusion transfer of electrolyte ions and osmotic and electroosmotic transport of solvent (water) [3] . To achieve the maximum concentration, the transfer of the solvent should be minimized, which is achieved by means of modification and nanostructuring [4] of ion-exchange membranes. In this connection, an important fundamental task is the model description of the electroosmotic transport of water through ion-exchange membranes.
The capillary model makes it possible to calculate the electroosmotic transport number of a free solvent through an ion-exchange membrane [5] . This model was developed on the basis of the concept about an ion-exchange membrane as a capillary system, which allows the use of the Stern electrical double layer theory and the Helmholtz-Smoluchowski equation for the calculation of the free-solvent transport number on the basis of physicochemical, transport, and structural characteristics of an ion-exchange membrane. Thus, earlier in [6] , the range of concentrations of solutions of NaCl, in which there is the convergence of the electroosmotic transport numbers of a free solvent calculated using the capillary model and results of the experimental determination of the water transport numbers, was determined on the basis of the concentration dependences of the electric conductivity of ion-exchange membranes of various structural types and data on the pore radius distribution. In this work, the fraction of through pores was estimated as well, on the basis of which its linear dependence on their specific water uptake was found for membranes of the same structural type. However, the influence of the nature of counterions on the electroosmotic transport of the solvent through ionexchange membranes is still understudied.
In this study, we performed an experimental and theoretical, in terms of the capillary model, investigation of the influence of the counterion nature on the electroosmotic transport of the free solvent across an MK-40 cation-exchange membrane.
EXPERIMENTAL
The experimental investigation of the influence of the counterion nature on the electroosmotic transport of the solvent was performed using a single sample of an MK-40 sulfonated cation-exchange membrane, which was successively equilibrated with lithium, sodium, and potassium chloride solutions. presents the following physicochemical, hydration, and structural characteristics of the studied membrane in different ionic forms: thickness l, density ρ m , exchange capacity Q, water uptake W sw , volume of water in mesopores ΔV, and specific surface area of meso-and macropores S. In order to obtain reproducible results, the membrane was preliminarily subjected to chemical conditioning [7] and then successively transferred into the ionic form under study by holding the sample for two days in a 10% solution of the corresponding alkali metal chloride. Prior to the measurements, the samples were equilibrated with the working solutions of LiCl, NaCl, and KCl, the salt concentration in which varied from 0.1 to 3.0 mol/L.
The electroosmotic permeability of the membranes was determined by the volumetric method in a twocompartment cell with polarizing silver/silver chloride electrodes and horizontal measuring capillaries [8] . For the quantitative characterization of the electroosmotic flux of the solvent, the water transport number (t w , mol H 2 O/F) which is the number of moles of water transported through a membrane when 1F of electricity is passed. The water transport number was calculated according to the formula (1) where V is the volume of transported water, i is the current density, V w is the molar volume of water, S m is the membrane area, is the time, and F is the Faraday constant.
The value of the specific electric conductivity of the membranes was determined by impedance spectroscopy using a mercury-contact cell at an alternating-current frequency that corresponded to the equality of the reactive component to zero. The specific electric conductivity was calculated according to the formula (2) where l is the membrane thickness and R m is the resistance measured.
The specific surface area and the volume of water in mesopores were determined from the experimental data obtained using standard contact porosimetry [9, 10] 
All the experiments were performed at 25°C, the error of the experiments did not exceed 5%.
RESULTS AND DISCUSSION
The concentration dependences of the water transport numbers and specific electric conductivity of the MK-40 membrane in alkali metal chloride solutions are presented in Fig. 1 . As is seen, the water transport numbers through the membrane increase in the series of cations K + < Na + < Li + [11] [12] [13] [14] , which is in agreement with published data, and the specific electric conductivity of the membrane decreases in this order. Table 2 presents the values of the crystallographic radii r cr , radii of solvated ions r s , hydration numbers h, and mobilities λ 0 of alkali metal ions in aqueous solutions.
The joint analysis of the primary hydration numbers of Li + , Na + , and K + ions which are presented in Table 2 and Fig. 1a as dashed lines shows that in the region of concentrated solutions, the water transport number in the membrane is almost equal to the primary hydration number of the cation in the solution. This finding is confirmed by the data in [22] , according to which the NMR-determined hydration number of the counterion Na + in the sulfonated cationexchange resin KU-2 and an MK-40 membrane fabricated on its basis is within 3-4 mol of H 2 O/mol of ions, in good agreement with the estimate of the hydration number of the counterion Na + based on the measurement a macroscopic electrotransport characteristic of the membrane-its electroosmotic permeability.
It is known [8, [23] [24] [25] [26] [27] that only some water present in a swollen membrane participates in the electroosmotic solvent transport. The influence of the nature of the polymer matrix and ionogenic groups, degree of crosslinking, and water retention capacity on the electroosmotic transport of solvent is generally assessed using the Spiegler coefficient, which is defined as the ratio of the amount of water transported by the action of an external electric field to the amount of water taken up by the membrane upon swelling t w /n m . The specific water uptake of the membrane n m and values for the Spiegler coefficient in 0.1 M solutions of alkali metal chlorides calculated on its basis are given in Table 3 . Table 3 also presents the amount of free water in the membrane n fr which is equal to the difference ± Table 1 . Physicochemical, hydration, and structural characteristics of the MK-40 membrane in solutions of alkali metal chlorides between the specific water uptake of the latter and the primary hydration number of the counterion. As is seen from Table 3 , the values of t w /n m for the Na + and K + forms of the MK-40 membrane are within 0.5-0.6, which is in agreement with the published data [8] . It should be noted that the values of the Spiegler coefficient are in agreement with the series of hydration numbers of the cations under study in the membrane. The membrane in the Li + form has the highest value of t w /n m , which is close to 0.8. This is the evidence that the fraction of water, involved in electroosmotic transport as a result of strong ion-dipole interactions of the cation Li + with water, increases.
The total electroosmotic flux of the solvent [12, 23] includes the flux of water in the composition of the primary hydration shells of the ions and the flux of free water involved into transport. The free-water transport number β w can be calculated according to the formula (3) This relation is derived using the assumption that the primary hydration numbers of ions are unchanged both in the membrane and during electromigration.
The data points in Fig. 2 show the experimental concentration dependences of β w obtained using Eq. Comparing Figs. 1a and 2, we find that the shapes of the concentration dependences of the electroosmotic transport numbers of free water and the water transport numbers are similar. However, the order of arrangement of the studied salt forms of the MK-40 membrane according to the value of electroosmotic flux of free water at a fixed concentration of the equilibrium solution is not the same as that of these forms with respect to the specific water uptake and water transport numbers. The higher electroosmotic transfer of free water through the membrane in the K + form in comparison with the Na + form is the evidence that the flux of free water depends not on the specific water uptake of the membrane, but also on the amount of free water in it. The MK-40 membrane in the Li + form which has the smallest amount of free water and the greatest electroosmotic transfer of the latter is an exception. It is known that the lithium ion has a strong structuring effect on the solvent molecules surrounding it. As a result, this ion has the largest size in the hydrated state, which leads to the occurrence of additional transport of free water, which is known as the pumping effect in the literature [28] . The ratio of the amount of free water transferred across the membrane by the action of an external electric field to the amount of free water in the membrane (β w /n fr ), determined similar to the case of t w /n m , appears (Table 3) to be significantly lower than the value of t w /n m for the membrane in the ionic forms studied. The ranking order of the salt forms of the MK-40 membrane with respect to the free water transport numbers is the same as their order of ranking with respect to the coefficients β w /n fr despite the fact that the membrane in the Li + form has the lowest amount of free water. The estimation of the free-water fraction in the total electroosmotic flux β w /t w showed that these values are comparable for Li + and Na + , while for the cation K + , the fraction of free water is substantially higher. This is in agreement with the concentration of free water in the membrane in the specified ionic forms.
The capillary model for the electroosmotic transport of free solvent through an ion-exchange membrane was proposed earlier in [5, 6] . In this approach, the membrane is presented as an isoporous capillary system, the pore radius in which substantially exceeds the thickness of the electrical double layer. In this connection, the value of the surface charge density expressed by the equation of the Stern theory for a flat electrical double layer in a 1 : 1 electrolyte solution without taking into account the specific adsorption can be used for calculating the electrostatic potential in the Helmholtz plane ϕ 1 [29] : (4) where q is the surface electric charge density of ionogenic groups, d is the coordinate of the Helmholtz plane, and . Here, it is accepted that the distance d is equal to the sum of the diameter of the water molecule (0.28 nm) and the counterion radius; ε and ε 0 are 81 and 8.85 × 10 −12 F/m, respectively; and T = 293 K. The surface electric charge density of the ionogenic groups q, providing that they have a uniform distribution throughout the bulk of the ion-exchanger, can be calculated according to the equation (5) based on the values of ion-exchange capacity of the membrane Q and specific pore surface area S presented in Table 1 .
The value of electrokinetic potential ζ, which is the potential in a point of the diffusion part of the electrical double layer spaced apart from the Helmholtz plane at a distance equal to the hydrated-ion radius and is further used for calculating of the transport numbers of the free solvent, is calculated according to the formula [30] (6) where and are dimensionless parameters; d is the coordinate of the slipping plane; is the gas constant; is the absolute temperature; is the electrolyte concentration of the in the bulk the solution; and is the electrostatic potential in the Helmholtz plane.
The transport number of the free solvent was calculated based on the Helmholtz-Smoluchowski equation taking into account the relationship between the (7) where η is the dynamic viscosity of the solution, r is the radius of mesopores, m is the number of pores per 1 m 2 of the membrane surface, and θ is the proportionality factor that characterizes the fraction of through pores directed along the transport axis and their tortuosity.
The calculated concentration dependences of the electrostatic potential in the Helmholtz plane and the electrokinetic potential are presented in Figs. 3a and 3b . The calculations were performed on the assumption that the coordinates of the Helmholtz plane and the slip plane are 0.34, 0.416, and 0.413 nm in the case of Li + , Na + , and K + ions, respectively. As is seen from the figures, there is a sharp decrease in both the electrostatic and electrokinetic potentials in the case of an increase in the concentration of the equilibrium solutions (in the range from 0 to 1 mol/L). In the case of further growth in the concentration of the solution, the drop of the potentials slows down and the value of the electrokinetic potential becomes a small quantity. It should be noted that the counterion nature in the series of alkali metal cations has almost no influence on the values of the electrostatic potential. At the same time, the value of the electrokinetic potential, which determines the electroosmotic transport number of the free solvent according to Eq. (7), is somewhat higher for the membrane in the Li + form as compared to the membranes in the Na + and K + forms. This is due to the smaller radii of the Na + and K + cations in the hydrated state, which allows them coming closer to the pore surface, thus having stronger decreasing action on the negative surface potential. It
should be noted that the arrangement of these salt forms of the MK-40 membrane in accordance with the value of ζ is in agreement with the lyotropic series of their cations [31] . Therefore, based on the analysis of the data presented in Table 3 and Fig. 3b , we can conclude that the nature of the counterion has a siginificant effect on the electroosmotic transport of free solvent.
Since there is almost no electroosmotic transport of the solvent through micropores, and most of them are dead-end and represent defects in the membrane structure [32] , the main transport of the solvent under electric field applied to the membrane occurs through mesopores, i.e., capillaries with radii from 1.5 to 100 nm. The number of mesopores m with a specific radius r max that are uniformly distributed on a unit area of the membrane is calculated according to the formula (8) It is seen from Eq. (8) that to calculate the number of mesopores, it is necessary to have information about the volume of water ΔV in the mesopores and their radius r. This volume is found from the integral and differential pore radius distribution curves (Fig. 4) obtained using standard contact porosimetry [33] . The volume of water in the mesopores is determined from integral porosimetric curves (Fig. 4a) , having preliminarily found the range of the mesopore radii (region between the dashed lines in Fig. 4a ) that correspond to the peak in the differential curves r max (the dash-dotted line in Fig. 4b ). For the studied salt forms of the MK-40 membrane, the lower and upper limits of this range are 1.5-32 nm.
By substituting the expression for m to Eq. (7), we will obtain the final expression for the estimation of the electroosmotic transport of free solvent through an ionexchange membrane on the basis of its physicochemical characteristics and properties of the equilibrium solution: It was shown in [5, 6] that the parameter θ is substantially less than unity for both homogenous and heterogeneous membranes. This is associated with the fact that in real membranes, not all the mesopores are through and cylindrical and participate in the electroosmotic transport of free solvent. The estimates of the θ value for the MK-40 membrane in different ionic forms are presented in Fig. 5 . It is seen that the dependence of θ on the specific water uptake has a linear decreasing shape despite the fact that the volume of water in the mesopores (Table 1) slightly depends on the ionic form of the MK-40 membrane.
The decrease in θ with the growth in the membrane water uptake, which is formed as a result of the different degrees of hydration of the counterion, is apparently due to the difference in steric accessibility of mesopores for the transport of hydrated counterions according to the increase in their radius in the order Table 2 ). The highest value of θ for the membrane in the K + form is the evidence that due to the smallest size of the K + ion in the hydrated state, the highest number of mesopores is available for its transport among the cations studied. Therefore, the parameter θ takes into account not only the fraction of through mesopores in the ion-exchange material, but also their steric accessibility for the transport of a hydrated counterion. The highest value of θ for the membrane in the K + form is in agreement with the above trend in the change in the fraction of free water in the total electroosmotic flux β w /t w for the studied cations. It should be noted that there is a directly proportional dependence between θ and n w with varying the polymer matrix nature, ionogenic groups, and degree of structural inhomogeneity of the membrane in NaCl solutions [6] .
CONCLUSIONS
The study of the transport and hydration characteristics of the MK-40 membrane in solutions of alkali metal chlorides has been performed, on the basis of which the water transport numbers and free-water transport numbers have been calculated. It has been shown that the fraction of free water in the total electroosmotic flux has close values for Li + and Na + ions and is substantially higher for the K + cation, a difference that is due to the higher concentration of free water in the membrane. The experimental concentration dependences of the free water transport numbers have been compared with the results of theoretical calculations, performed in terms of the capillary model for the electroosmotic transport of free solvent, based on the experimental data on the specific electric conductivity of the MK-40 membrane in solutions of alkali metal chlorides and pore radius distribution. It has been found that the transport of the free solvent is also determined by the steric accessibility of mesopores for the transport of hydrated cations, and the fraction of such mesopores is the highest for the K + cation. 
